Abstract . A two-dimensional vertically integrated numerical model has been used to study residual, that is, mean and low-frequency (< 0 .5 cycles per day) currents, in the Gulf of California . The model is forced at the mouth with the most important tidal constituents, allowing them to interact through the nonlinear terms . Previous nonlinear models of the gulf were forced only with the most energetic M 2 constituent . The mean residual currents obtained with the semidiurnal constituents are all of the same order (1-2 cm s -1 ) as those obtained with the M2 alone and are larger by an order of magnitude than those produced by the diurnal components . The time-mean residual obtained with all seven constituents is very close to that obtained with only the M 2 . When several constituents are included simultaneously, fluctuating residuals arise in the model through nonlinear interactions . The fortnightly variation produced by the interaction of M 2 and S2 constituents is the most important, and it is of the same order of magnitude as the time-mean residual . The model shows that time-averaged residuals can effectively be computed from the M2 component alone, whereas the fluctuating residual, which is equally important, requires the inclusion of the S2 constituent as well . Thus computations with only the M2 and S2 constituents yield a very good approximation for computing tidally induced residual currents in the Gulf of California .
The Gulf of California (Figure la) is a marginal sea between mainland Mexico and the Baja California peninsula. It is roughly 150 km wide and 1100 km long and has a maximum depth of 3600 m at its connection with the Pacific Ocean to the south .
The tides in the Gulf of California have been recorded _and studied for several years . A complete description of the different tidal constituents is given by Morales and Gutierrez [1989] . A generally observed and modeled feature of the tides in the gulf is the amplification that all Constituents experience toward the head, both by resoliance (the wavelength of the semidiurnal constituents -:-lrtakes the gulf a quarter-wave oscillator) and by shoaling of the bottom [Hendershott and Speranza, 1971 ; Filtour, 1973 ; R . Dressler, unpublished manuscript, 1981] . Among the semidiurnal constituents, the resonant conditions in the shallow northern basin cause an amplitude close to 2 m for the M2 component alone, whereas the total tide reaches an amplitude of nearly 5 m [Bray "~hd Robles, 1991] .
The Gulf of California has a long modeling history . ne-, two-and three-dimensional models have been ,,Used to study the tides . The most popular have been the . ght 1997 by the American Geophysical Union .
er number 96JC03835 . 148-0227/97/96JC-03835$09 .00 8611 two-dimensional (2-D) models, both linear [e .g ., Grijalva, 1972 ; Stock, 1976] and nonlinear [Quiros ci al., 1992 , Carbajal, 1993 ; Argote et al., 1995 ; R . Dressler, unpublished manuscript, 1981] . The nonlinear models have used only the M . constituent to represent the tidal phenomena of the gulf. R . Dresslet (unpublished manuscript, 1981) modeled the different constituents individually, and Carbajal [1993] forced the model with several tidal constituents simultaneously but did not calculate any residuals .
Time-averaged residual currents from the M 2 constituent alone in the Gulf of California have been computed by Durazo [1989] , Quiros et al . [1992] , Carbajal [1993] , and M . L . Argote et al. (manuscript in preparation, 11996) . When full nonlinear interaction is allowed and several constituents are included, a low-frequency response is produced as well [Marinone et al., 1996] ; thus residual current is defined here as that part of the flow left after low-pass filtering the currents with a cutoff period of 2 days . It consists of a mean (time averaged) and a fluctuating (deviation from the mean) component .
The seven most important constituents in the Gulf of California show a large amplification from the mouth of the gulf to its head (Table 1) . The M2 has the largest amplitude, but the rest of the constituents are also important . From this, the following questions arise : (1) Are the mean residual currents induced by the different constituents important? (2) Are the mean residual currents induced by the nonlinear interaction of all con-30 . .
.

1 18 . 116 . 114 . 112 . 110 . 108 . 10 6 . Longitude (°W) stituents different than those produced only by the M2? (3) Is the low-frequency component of the residual important?
Here the tidally induced residual currents in the Gulf of California are studied with a 2-D vertically integrated model forced by tides . The residuals are generated only by interactions of tides and topography, and the study focuses on the generation of residuals from the different diurnal and semidiurnal tidal constituents, as well as from their nonlinear interactions .
The Model
We use the depth-averaged model developed by Crean [1978] , which has been used extensively and successfully reproduces the observed tidal heights and currents in several places (e .g ., Juan de Fuca/Georgia Strait system [Crean et al., 1988] ) . A full description of the model is given by Crean et al . [1988] .
The equations used in the model are Table 3 ) . (c) Amplification with bathymetry in meters of the area where most of the results are shown .
MARINONE : TIDAL RESIDUAL CURRENTS 1[N THE GULF OF CALIFORNIA 0 .002, the rms of the residual currents is 0 .83 cm s -1 , while for Cd = 0 .006, the rms is 0 .38 cm s -1 .
After calibration, the following runs were designed . First, four runs with a single forcing constituent, namely, M2, S2, K1 i and 0 1 , were performed . Second, two runs combiining two forcing constituents each, namely, M2, S2 and K 1 , 0 1 , were performed . Finally, two additional runs were performed, one with four and the other with all seven forcing constituents . Table 2 lists the different runs with their corresponding forcing constituents and labels . One anticipates that the interactions between these tides will give rise to oscillations in the model Periods are given in hours and amplitudes in centimeters . a t frequencies which are the sums and differences of Figure 1 for their locations . the forcing frequencies . Therefore the runs are long enough to ensure that we capture most of the model's low-frequency fluctuations and that a stable mean can be computed . The distribution of amplitudes and phases of the constituents modeled in runs M2, S2, K1, and 01 are almost identical to those obtained from the multiple forced runs (SD, D, main or all) . Figure 2 shows amplitudes and phases throughout the gulf from run all ; the results are very similar to those observed by Morales and Guiierrez [1989] . Tables 3, 4 , and 5 show the modeled and observed amplitudes and phases at several stations around the gulf for the M2, S2, and K 1 constituents, respectively ; their differences are minimal .
The agreement with observations (and with the modeled 1V I2 by Argote et al. [1995] ) is considered satisfactory. Argote et al. (1995 ; manuscript in preparation, 1996] have compared model results with observations ; as the results obtained here are almost identical to theirs, no additional comparisons with observations will be shown . and f = 2S2 sin(,p) is the Coriolis parameter, V is the .transport vector with components U and V, v' is the velocity vector with components u and v, which are related to the transport components as (u, v) = (U, V)/d, d = q + h is the total depth, q and h are the surface elevation and bottom depth with respect to the mean sea level, g is the acceleration due to gravity, Cd is the bottom friction coefficient, and v is the eddy viscosity coefficient (= 10 2 m 2 s -1 ) .
The model equations are solved explicitly from rest, and the tidal elevations were specified at the open boundary at all times from observed tidal harmonics . The chosen model time step, At, was 22 .5 s, which satisfies isfies the Courant-Friedrichs-Lewy criterion (Courant et al., 1928] with a mesh size of 6 .48 x 6 .48 km . Figure 1 shows the gulf discretization and bathymetry .
Several runs were performed forcing the model with only the M2 tidal component and with all seven tidal constituents and varying the coefficient of friction Cd until the best agreement with the observed tidal harmonics at several tidal stations around the gulf was obtained . This happened for Cd = 4 .4x10 -3 with the multiple tidal forcing . The results are qualitatively consistent with those obtained by Argote et al. [1995] , who used Cd = 3 .7 x 10 -3 (and the same v) . Significant differences among runs are obtained only if Cd is varied by more than 30% . The residual currents of these runs were also verified, and in this range of Cd, the spatial atructure of the currents is preserved and their magnitude increases as Cd decreases . For example, for Cd = Figure 3a . The largest model residuals are produced by the M2, but all semidiurnal constituents produce currents of similar magnitude (Figure 4d) . The residuals associated to the diurnal constituents (Figure 4b ) are an order of magnitude smaller . Run M2 (Figure 3a) is very similar to that reported by M . L . Argote et al . (manuscript in preparation, 1996) . . The spatial structure of the residual flow of the different cases is about the same . If we were to simply add all the '-residuals produced by the different tidal constituents independently, a quite large residual would result compared to run all (as will be shown below) . Figure 4 shows the mean residual currents forced by the multiple tidal constituents . Figures 4a and 4b correspond to the forcing by two constituents, two semidiurnal and two diurnal, each . Figures 4c and 4d show the cases of four and seven tidal constituents, respectively . The run with only two diurnal constituents (K 1 and 01) is the most different and the one with the smallest velocities . The other three runs, SD, main, and all, are very similar to each other . The structure of the flow when the semidiurnal constituents are included is very similar because the contribution to the mean from the diurnal constituents is minimal . The flow, generally, 4 follows the isobaths, and the largest velocities are found where bottom slopes are largest . The largest currents were produced by run all .
The differences among these runs can best be appreciated from Figure 5 , where the differences of some runs with run all, chosen as the reference run, are shown . It is clear that as long as the forcing includes the M2 (i :e ., runs M2, SD, main), the time-averaged currents do not differ much . The rms speed is small compared to the runs that exclude the semidiurnal constituents ; that is, it is enough to force the model with only the M2 to compute time-averaged currents . Run S2 and a run with only the N2 tidal component (not shown) each pro-.duced residual currents comparable to Run M2 . When 411 constituents are included simultaneously, the mean 'does not change much, indicating that not all the ad--ditional energy is transferred to the mean residual but goes to high and low frequencies (that is, compound tides and overtides) and, as will be shown later, more 'eenergy is dissipated by friction as well .
3 .2 .2 . Time-dependent fluctuations . Motions 'with periods of less than approximately 2 days were removed by passing the fields three times through a 25- Table 5 . Amplitudes and Phases Observed (Aob, and 4ob,) and Modeled (Amod and ¢,nod) for the K1
Constituent in the Gulf of California
Amplitudes are given in centimeters and phases are given between modeled and observed values (bA and 60) are given . hour running average filter, which passes about 50% of the amplitude at 0 .3 cycles per day and 95% of the amplitude at 0 .08 cycles per day while reducing the semidiurnal and diurnal amplitudes to less than 1% of their original values [Yao et a!., 1982] . Figure 6 shows a series of snapshots of the fluctuating residual, with mean removed . The amplitudes of these currents are close to those of the mean velocities . Fluctuations are dominated by a 14-day cycle (compare days 7 and 21), essentially by the Msf tidal constituent . Spectral analyses (not shown) indicate that most of the energy at low frequencies is in the beat frequencies of the M2, S2, and N2 constituents, the Msf from the M2-S2 components, the Mm from the M2-N 2 components, and at the beat frequency of the N2-S2 constituents . These low frequencies arise by nonlinear interactions in the model, as they are absent in the forcing .
in degress with respect to greenwich . pears in the model through the interaction of the K2-S 2 constituents and the generated Msf-Mf constituents .
Comparison of the fluctuating residual obtained with;:, run all and those of the other runs shows that it is enough to force the model with the M2 and S2 con-. stituents to induce this component of the residual ; run all and run SD fluctuating residuals are almost identical .
. Diagnostic Calculations
3 .3 .1 . Momentum . It is well known that tidal residual currents appear as a result of a rectification process as the tides interact with topography [Zimmerman, 1978] . Huthnance [1973] showed that the Coriolis force and bottom drag are the mechanisms responsible for the generation of residuals, while the role of the advective terms is to transfer properties (e.g ., vorticity) from the tides to the mean field [Zimmerman, 1980 ; Robinson, 1983] . In the Gulf of California, friction plays an important role, especially in the northern part where it is shal1ow (see Argote el al . [1995] for different estimates of tidal dissipation) . Here all the terms of the momentum .equations are evaluated from the model results in order to identify the main balances that generate or main--tain the residual currents in the gulf . The terms of the equations were evaluated from the total fields, low-pass ,filtered (as with the u and v fields), and time averaged . 0 .05
The spatial variability of the balances is large for both the fluctuating and mean residuals (the horizontal eddy viscosity terms are negligible) . Figure 8 shows a time series of the terms in the x and y momentum equations at points I and II, which are shown in Figure lc . No single dominant balance is evident . Pressure gradients are always part of the main balance . For point I, in the x equation, Coriolis and pressure gradient forces are balanced by friction and advection, while, in the y equation, the presure gradient alone is balanced by friction and advection . At point II, where depth is larger, there is almost a geostrophic balance, with advection playing a role in both the x and y equations .
Figures 9 and 10 show the dominant terms in the time-mean x and y equations throughout the northern gulf . In some deep areas, where all the terms are small, the dominant balance is close to geostrophic (especially in the r equation, Figure 9) , with advection playing a smaller role . In shallow areas, all the terms are larger with the exception of the Coriolis force, which remains small, that is, pressure gradients are balanced by friction and advection . The dominant pressure gradient term is linked to the correlation between the pressure Figure 6 . Snapshots of the fluctuating residual at 2-day intervals for run all .
field and the bottom topography [Haidvogel and Brink, 1986] . The frictional spin-down times (of the order of 2-5 hours) are small compared to the inertial period in the northern extremity of the gulf. The modeled residuals are larger in these shallow areas .
Thus, in agreement with tidal rectification theories [e .g ., Huthnance, 1973 ; Loder, 1980] , residuals in the Gulf of California result mainly from bottom drag, advection, and Earth rotation ; also, the strongest currents are found where the tidal excursions (3-5 hm) are similar to the topographic length scale (h/Oh) .
3 .3 .2 . Energetics . In section 3 .2 .1 it was shown that the sum of the residual currents produced by the M2 and S2 single forcing constituents gives larger residuals than when both constituents are run together . The inclusion of more energy into the system, by means of additional tidal constituents, in a nonlinear system is such that part of the net energy flux is transferred to the mean flow, another part is transferred to the fluctuations, but most of it is lost by frictional dissipation . Here we calculate the energy dissipation and the different terms of the mechanical energy equation derived from the original equations of motion, namely, Table 6 shows the time-averaged values of the terms shown in Figure 11 (the averages correspond to the whole length of the different runs, which are different among runs) and the root mean squared values of the mean residual speeds in the northern part of the Gulf of California . Again, the magnitude of the terms increases as more tidal constituents are included ; however, the combination of the single forcing constituents cases does not add up to that of the run that includes the above combination . For example, (D)M2 + (D)52 < (D)SD, where the subindices label the different runs ; that is, there is more dissipation (and also more energy flux) in the multiple-constituent forcing runs . (The friction coefficient is the same for the different runs ; also, Pingree [1983] showed that a quadratic friction law may not be strictly valid, as assumed here, when both constituents, the M2 and S2 are run together .) The value of (D) for the M2 is 3 .14 x 109 W, Argote et al . [1995] hours Figure 8 . Budget analysis of the x and y momentum equations, in cm s_2, for two mesh points (see Figure lc for their location) .
timated a dissipation of energy for the same constituent of 3 .92 x 109 W . Ripa and Velazquez [1993] estimated a dissipation rate, with a linear model, of 8 .5 and 2 .9 x 10 9 W for the M2 and S2, respectively . 'The S2 energy dissipation is about a third of the M2 ; in this work, the ratio is smaller (0 .2) . The time-averaged total energy level (E) has lower levels when the constituents are forcing the model simultaneously, (E)M2+(E)s2 > ( E)SD ; in the same way, as we noted in the beginning of this section, the sum of the residual currents by the individual runs results in a larger residual than when they are included simultaneously, a fact reflected in the rms values, rrnsM2 + rmss2 > rmssD . Running the model with multiple constituents has important consequences that should not be overlooked . Energy is being transferred to low-frequency fluctuations (as well as to high ones, which we include in the mean) which cannot be represented when only one constituent is used .
Finally, (D) should be equal to (F), but the agree--. ment (see Table 6 ) is considered reasonable in view of the approximations of the finite difference form of the energy equation . For example, frictional dissipation at a point was computed using velocities at four grid points, whereas the frictional terms in the original equations involved velocities from 12 grid points [Crean et al ., 1988] . Also, part of the difference is due to eddy viscosity loss . . Figure 11 . Time series of the (a) total energy (E), (b) energy dissipation by bottom friction (D) and (c) energy flux at the boundary (F), for runs M2, S2, SD, main, and all (see Table 2 ) .
. Summary
Tidal residual currents in the Gulf of California are basically generated by the semidiurnal components . Answering the questions of section 1, the M2 (mainly) and S2 are the main tidal constituents producing mean residual currents, and their interaction feeds, basically, all the energy that is being transferred to low frequencies . Both, the time mean and the fluctuating residuals are of the same order of magnitude with velocities around 2 cm s -1 in the northern part of the gulf .
The dynamics of the residual currents is highly nonlinear . It was found that friction and advection are chiefly responsible for producing the residuals in shallow areas, whereas, in deeper areas the main balance is geostrophic . The energy calculations also reflect this nonlinear behavior ; the energy dissipation is larger when both tidal components are run together than the linear sum of the individual contributions . Values correspond to the time averages of the model domain integral of the total energy, (E) (Joules), energy dissipation by bottom friction, (D) (Watts), energy flux at the open boundary, (F) (Watts), and the corresponding rms of the speeds (centimeters per second) for the northern gulf .
Run All Figure 12 . Trajectories followed by "particles" advected by the flow field of tidal currents produced by the tidal components M2, S2, N2 , K 2, K1 , 0 1 , and P 1 . The oscillatory part due to tides (diurnal and higher frequencies) has been removed.
The residual currents reported here are certainly small ; however, they can contribute more to the overall longterm distribution and transport of properties than do, for example stronger, but intermittent and directionally variable wind-driven flows [Robinson, 1983] .
The fact that the residual currents produced only by the M2 tidal constituent do not differ much from the, multiple forced runs does not mean that the total currents are the same . The total currents from the multiple constituents runs are larger and show all the typi cal time variability of the observed tides (mixed tides, fortnightly tides, etc .) . Figure 12 shows the low-p . filtered particle trajectories driven by the multiple con stituent total flow field (run all) . These trajectors : t almost identical to the ones obtained with only the W12 constituent (run M2) . Therefore, even though the total . flow is very different, the residual currents and the net displacement of particles are about the same .
